Mobile cognitive testing may be used to help characterize subtle deficits at the earliest stages of cognitive decline. Despite growing interest in this approach, comprehensive information concerning its feasibility and validity has been lacking in elderly samples. Over a one-week period, this study applied mobile cognitive tests of semantic memory, episodic memory and executive functioning in a cohort of 114 elderly nondemented community residents. While the study acceptance rate was moderate (66%), the majority of recruited individuals met minimal compliance thresholds and responded to an average of 82% of the repeated daily assessments. Missing data did not increase over the course of the study, but practice effects were observed for several test scores. However, even when controlling for practice effects, traditional neuropsychological tests were significantly associated with mobile cognitive test scores. In particular, the Isaacs Set Test was associated with mobile assessments of semantic memory (γ = 0.084, t = 5.598, p < 0.001), the Grober and Buschke with mobile assessments of episodic memory (γ = 0.069, t = 3.156, p < 0.01, and the Weschler symbol coding with mobile assessments of executive functioning (γ = 0.168, t = 4.562, p < 0.001). Mobile cognitive testing in the elderly may provide complementary and potentially more sensitive data relative to traditional neuropsychological assessment.
Introduction
It is estimated worldwide that 6% to 8% of the population over 60 years of age has developed dementia, and Alzheimer's Disease (AD) represents approximately 60-70% of these cases (World Health Organization, 2015) . The insidious onset of AD implies that patients experience subtle cognitive difficulties that increase in severity over a number of years, with the first decline in any cognitive functions occurring over a decade before clinical diagnosis is possible (Amieva et al., 2008) . From a methodological point of view, the detection of the earliest stages of cognitive decline leading to AD is not only complicated by the difficulty in separating pathological decline from that observed in healthy aging, but also by the relatively large margin of error associated with standard neuropsychological tests (Schmidt et al., 2007; Metternich et al., 2009; Tollenaar et al., 2009; Hess et al., 2012) . In particular, the scores derived through punctual neuropsychological testing may vary as a function of diverse context-specific, patient-specific or clinician-specific influences, and therefore they often cannot differentiate variance attributable to measurement error from the subtle cognitive decline that occurs in patients who will eventually develop AD.
Methods relying on mobile technologies such as Ecological Momentary Assessment (EMA) hold promise for overcoming these barriers by providing repeated assessments multiple times a day and over several consecutive days in ecologically-valid contexts. EMA has been extensively validated in a range of normal and clinical populations (Johnson et al., 2009a) , and it has been used successfully in elderly samples (Cain et al., 2009) . Importantly, the expansion of EMA to provide repeated and in vivo assessments of cognitive functions may reduce the margin of error typically associated with neuropsychological testing and thereby more reliably characterize early cognitive decline in this population. In one recent study of non-demented elderly participants, intellectual activities of daily life were shown to improve momentary EMA measures of semantic memory, and these mobile memory scores were shown to be more sensitive than traditional neuropsychological measures in the identification of hippocampal atrophy (Allard et al., 2015) . The repetition of such tests through EMA can also provide information concerning variability of cognitive functions (distinct from average functioning scores) which has been shown to be strongly predictive of cognitive decline (Holtzer et al., 2008) .
Despite these encouraging findings, no published studies to date have examined the basic feasibility or validity of mobile cognitive testing through EMA in the elderly. The present investigation responds to these concerns by examining a new EMA application designed to assess cognitive functioning in daily life using a smartphone. In light of their relevance to cognitive decline and dementia, mobile tests were developed to assess semantic memory, episodic memory, and executive functioning in daily life in a cohort of dementia-free elderly individuals. The objectives of this investigation are to: (1) examine the general acceptability and feasibility of EMA-based cognitive testing in this population and the compliance rate with the multiple tests provided per day; (2) assess potential biases associated with the repeated-assessment methodology over time; (3) estimate the convergent validity of mobile test scores with traditional neuropsychological assessments.
Method

Sample
The sample was drawn from the AMI cohort, a population-based cohort of 1002 French elderly agricultural workers in rural areas. The AMI cohort randomly selected participants aged 65 or older from the Farmers' Social Security Registry and its methodology has been fully described elsewhere (Pérès et al., 2012) . Study procedures were approved by the regional human research review board and all participants provided written informed consent. Following baseline inclusion in the full cohort from 2007 to 2009, participants were administered a neuropsychological test battery (see details later) and, in a sub-sample of the AMI cohort, participants accepted a neuroimaging examination that was administered approximately every two years. A first follow-up assessment of the imaging subgroup occurred between 2009 and 2012. At the second follow-up examination (between 2012 and 2014), a random sub-sample of these participants were also invited to participate in a weeklong EMA study using an Android smartphone (Samsung Galaxy S with a 10.6 cm screen, default font size set to 12 point) programmed to administer electronic assessments. Inclusion criteria for the present study were having a sixth grade reading level, no visual or motor impairments, and no significant cognitive impairment or diagnosis of dementia (based on a neuropsychological evaluation by a psychologist, a clinical examination by a geriatrician and confirmation in a case consensus conference by three dementia specialists) and participation in the ancillary neuroimaging project. A total of 172 participants were contacted for participation in the present EMA study (44% female) with a mean age of 72 years (standard deviation [SD] = 4.6).
Procedure
The electronic interview questioned participants regarding their physical environment, social interactions, and specific behaviors derived from previous EMA research (Johnson et al., 2009b) . A brief cognitive test was also administered at the end of a portion of electronic interviews to assess semantic memory and verbal fluency, episodic memory or executive functioning. These cognitive functions were selected given their frequent decline among elderly individuals (Buczylowska and Petermann, 2016; Harada et al., 2013) and the corresponding mobile cognitive tests were developed specifically for selfadministration by the participant (see later). In order to avoid biases associated with time of day or test repetition, each test was administered five times during the week in an order that was counterbalanced across the day and a unique item content was developed for the five versions of each test. All functions of the device were deactivated so that it could only be used for the purposes of the study. All participants were trained in how to operate the device and two practice assessments were administered, one guided by the research staff and one completed independently by the individual. Participants experiencing difficulty in understanding or completing the interviews were provided additional training. The interviews occurred five times a day for one week and were administered at fixed intervals, randomized across individuals. The first and last interviews of the day were adjusted to correspond to the typical sleep schedule of the participants. Cognitive assessments in EMA used the voice-recording function of the smartphone (for semantic memory, free-recall for episodic memory, and for executive functioning), or through manual selection on the smartphone screen (for semantic memory recognition). Recorded verbal responses were coded by trained members of the research team. Interrater reliability was computed for a subsample of 30 participants and ranged from 0.90 to 0.98 for all tests.
AMI neuropsychological instruments
Semantic memory
The Isaacs Set Test (Isaacs and Kennie, 1973 ) was used to assess semantic memory through the presentation of one semantic category, such as "Colors" or "Towns".
Participants were asked to list as many words belonging to a given category as possible in a 60-second span. The number of correct answers was used to score the test.
Episodic memory
Subjects were administered the Free and Cued Selective Reminding Test (Grober and Buschke, 1987) . This test starts with a study phase where four sheets of paper each displaying four words were successively presented. The 16 words belong to 16 distinct semantic categories. For each list, the participant is asked to match the category with the corresponding item (e.g. "Among these words, can you tell me what is the fish?"). Participants are then tested for immediate recall: each category is presented and they are asked to give the corresponding item; when they fail to remember, they are given the correct answer. Once the study phase has been completed, the recall phase begins using free recall followed by cued recall for the items that were not remembered. Three free and cued trials are successively completed, separated by an interference task (counting backwards). After a 20-minute delay, a delayed free and cued recall trial is administered. The sum of correct answers for the three recall tests and the number of correct answers for the delayed recall period were both used to score the test.
Executive functioning
The digit-symbol test from the Wechsler Adult Intelligence Scale -Fourth Edition (WAIS-IV; Wechsler, 2008) was used to assess executive functioning. In this test, participants are presented a list of nine symbols paired with digits from one to nine. Participants are given a matrix of digits which they have to complete with the corresponding symbol in a 90-second span. The number of correct symbols was used to score the test.
EMA cognitive assessments
Semantic memory
A mobile test of semantic verbal fluency was developed to present participants with a semantic category, such as "Animals" or "Vegetables", and then they were asked to say as many words as possible belonging to this category within 60 seconds. Verbal responses were recorded on the smartphone and later coded by research staff. The total number of correct words was used as the primary performance score.
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Episodic memory
A mobile list-learning test was developed to assess immediate free recall and recognition as well as delayed recall and recognition. Lists of words representing material objects were selected from the BRULEX database (Content et al., 1990) and that had a frequency of appearance between 200 and 1000 words among one million French words appearing in written text. A 10-word list was displayed for 30 seconds, after which participants were immediately asked to freely recall all words within one minute. Following the free-recall task, participants were presented a list of 20 words which included the 10 words in the previously-presented list as well as 10 additional words with matched frequency of appearance in French language. Participants were then asked to identify the words they recognized as belonging to the original list by selecting each word directly on the device. The number of correct words for both the free-recall task (recorded verbally) and the recognition task (recorded by selection on the EMA device screen) served as the primary scores for immediate episodic memory performance. At the following EMA assessment, approximately three hours later, participants were asked to complete the same tasks (free-recall and recognition). The number of correct words for both tasks served as the primary scores for delayed episodic memory performance.
Executive functions
A mobile letter-word generation test was used to assess executive functions. Participants were presented a letter such as "P" or "F", and asked to name as many words beginning with that letter as possible within a one-minute span and without naming proper nouns. Verbal responses were recorded by the EMA device and the total number of correct words served as the primary performance score.
Data analysis
EMA data were analyzed using Hierarchical Linear and Non-linear Modeling Version 7 (Raudenbush et al., 2004) . Analyses of reactivity to the repeated testing methodology were performed in order to identify significant changes in the frequency or intensity of cognitive variables as a function of study duration. Convergent validity was examined by using neuropsychological test scores acquired at the baseline assessment as predictors of mobile cognitive performance at the second follow-up assessment (approximately two years later). Analyses of reactivity and convergent validity were performed with participants meeting minimum compliance with the EMA methodology, defined as having completed at least onethird of programmed assessments (Johnson et al., 2009a) . Means-as-outcomes models were used for continuous outcome variables and Bernoulli models for dichotomous outcomes.
Results
Acceptance and compliance
Overall, 114 (66%) of the 172 eligible participants agreed to take part in the EMA portion of the study. Patients who refused participation were older, t(170) = 1.971, p < 0.05, and had lower Mini-Mental Status Examination (MMSE) scores, t(170) = À4.417, p < 0.001, than those who accepted. In comparison with the overall cohort, the 114 participants enrolled in study were more often female, χ
2
(1) = 4.41, p < .05, younger (71.71 years versus 76.85 years) t(1000) = 7.96, p < 0.001, and had higher global MMSE scores (27.40 versus 24.33) t(984) = À6.83, p < 0.001. Seventy-five of these participants completed at least one-third of programmed assessments and were considered as "minimally compliant" with the procedures. In comparison with the overall cohort, participants meeting the minimum compliance criterion were more often female, χ 2 (1) = 7.20, p < 0.05, younger (71.05 years versus 76.90 years) t(961) = 7.37, p < 0.001), and had higher global MMSE scores (27.70 versus 24.33) t(945) = À6.10, p < 0.001.
The socio-demographic characteristics and cognitive performance scores for the sample of 75 participants meeting minimal compliance criteria are presented in Table 1 . Compliance with the self-report EMA interviews by these participants was high, with 82% of the possible assessments being completed by participants in the context of their daily lives (resulting in 2158 observations). Examination of compliance with mobile cognitive tests that were recorded verbally by the device indicated that a small portion of participants may have received help from a spouse or other individual to complete the assessments. When these assessments were considered as void, 72% of the EMA cognitive assessments were completed.
Effects associated with duration of ambulatory monitoring
No fatigue effect was observed considering that the number of missing observations decreased as a function of study duration (Table 2) . Concerning practice effects, semantic memory scores, immediate recognition and delayed free-recall improved as a function of study duration. However, performance on the delayed recognition condition of list-learning decreased over time. Scores
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obtained from the other mobile cognitive tests were not significantly affected by study duration.
Concordance between baseline AMI neuropsychological tests and mobile cognitive tests
Scores for mobile cognitive tests were significantly correlated with baseline neuropsychological test scores, including when adjusted for practice effects associated with the number of mobile tests administered (Table 3) . This was true for the semantic memory test (γ = 0.085, t = 5.598, p < 0.001), the letter-word generation test (γ = 0.168, t = 4.562, p < 0.001), the word list free recall (γ = 0.069, t = 3.156, p < 0.01) and delayed recall (γ = 0.248, t = 2.547, p < 0.05) tests, and the word list recognition test (γ = 0.091, t = 2.609, p < 0.05).
Discussion
Mobile technologies have been applied in clinical research for nearly three decades and its use is rapidly expanding among elderly populations (Cain et al., 2009) . Very recent findings have confirmed the value of mobile cognitive testing in this population as a means of reducing the margin of error associated with scores derived from traditional neuropsychological assessments, thus providing more sensitive tools for the detection of corresponding brain markers as well as for the identification of the daily life activities that may improve cognitive functioning (Allard et al., 2015) . Despite this progress, the feasibility and validity of mobile cognitive testing has been examined by very few investigations (Brouillette et al., 2013; Oliveira et al., 2014; Scholey et al., 2012; Schuster et al., 2015; Timmers et al., 2014) and no study to date has estimated fatigue or reactive effects in the elderly. In a cohort of elderly community residents, this investigation examined the acceptability and feasibility of mobile cognitive testing through EMA, as well as compliance with its multiple daily assessments, potential biases associated with repeated testing, and its convergent validity with traditional neuropsychological assessments.
Concerning the basic feasibility of mobile cognitive testing in the elderly, the findings indicate that the most significant barrier to its use is likely to be initial acceptance and compliance with study procedures. In this sample of non-demented elderly persons, we found that only a moderate majority of participants (66%) accepted to use the mobile assessments. Those who refused participation were older and had lower scores for general cognitive functioning. These acceptance rates are lower than those found in either psychiatric or neurologic samples when EMA is used without cognitive testing (Johnson et al., 2009a (Johnson et al., , 2009b , but may be lower due to the acceptance by this sub-sample of additional assessments involved in the larger research protocol (including magnetic resonance imaging [MRI] ). It is also important to note that approximately one-third Note. Fatigue is the effect of study duration on the number of missing observations. Practice effects are the effect of the number of tests completed on test scores. (34%) of individuals who accepted to participate did not respond to enough EMA methods to be considered as minimally compliant with the study procedures. It is possible that these compliance rates could have been improved if specific procedures were implemented to encourage participation (such as financial compensation). Taken together, however, these acceptance and compliance rates indicate that the use of mobile cognitive assessments in the elderly may be limited to a subpopulation of higher-functioning individuals, but that such samples may still include individuals with very mild cognitive deficits. While mobile cognitive testing may be feasible in the majority of elderly individuals, evaluation of participant compliance with the cognitive assessments requires attention to essential limitations associated with the fact that no clinician was present to administer the tests or to interpret the context in which the test was completed. In particular, a minority of the verbal responses recorded by participants provided potential evidence of unauthorized assistance (such as a spouse who reminds the participant of the words on a list-learning task). When these items were excluded from analyses, the sample nonetheless responded to 72% of all programmed cognitive tests. This response rate is only moderately lower than the overall response rate (82%) for other EMA questions in this same sample and which are again highly similar to those observed in healthy or clinical populations (Cain et al., 2009; Johnson et al., 2009a) .
The validity of the data collected was also examined for potential biases associated with the repeated-testing methodology and for expected associations between mobile cognitive performance scores with traditional neuropsychological tests measuring similar cognitive functions. No evidence was found for a fatigue effect whereby individuals may increasingly miss or skip assessments as a function of time in the study, but rather participants became even more compliant over time in completing the mobile cognitive tests. However, the scores for some tests were found to vary as a function of the number of tests administered and therefore indicate potential practice effects. As the actual item content of each test was unique for each administration, these effects are likely to be attributable to the participant's learning of how to respond rather than memorizing previously-presented content. In any case, such practice effects can be readily controlled by researchers adjusting for the number of times in which a particular test had been administered to participants. Finally, the significant correlations observed with traditional neuropsychological tests of semantic memory, episodic memory and executive functions provide support for the convergent validity of the mobile cognitive assessments developed for this study. While their use may not be feasible in all elderly individuals, the resulting data may nonetheless provide more broadly generalizable data for the identification of daily life activities associated with improved cognitive health (Allard et al., 2015) as well as for the examination of clinical markers associated with initial cognitive decline.
The legitimate enthusiasm for mobile cognitive assessments in the elderly must be balanced with knowledge of its limitations and comparative value relative to other instruments and measures of cognitive functioning. The present study provides support for the feasibility and validity of these novel assessment tools, but the findings should be interpreted in light of several methodological issues. Perhaps most importantly, the present sample of elderly individuals is characterized by relatively low education levels that, along with other study procedures (such as MRI), may have affected study acceptance or compliance rates. The development of a wider range of mobile tests would also allow for more comprehensive assessments of cognitive functions and their examination relative to a range of socio-demographic characteristics should reinforce knowledge for the value of mobile testing. It is also important to note that mobile cognitive testing generates data that may be qualitatively different from that obtained from traditional neuropsychological testing, and therefore should be considered only as complementary information to such clinical information. As the neuropsychological tests used in the larger AMI study were not always adapted to administration through a mobile phone, the mobile tests were developed to broadly assess the same cognitive function as the neuropsychological test but they used content and administration procedures that were different. Moreover, as the study procedures excluded individuals with dementia, we were not able to examine the sensitivity or specificity of the mobile tests for detecting cases. Despite these limitations, the challenge of detecting subtle cognitive decline at the earliest stages of dementia requires the development of new methods and more sensitive assessment tools. Mobile technologies are an important contribution to this effort.
